In the pursuit of down-sizing electronic components, the ultimate limit is the use of single molecules as functional devices. The first theoretical proposal of such a device, predicted more than four decades ago, is the seminal Aviram-Ratner rectifier that exploits the orbital structure of the molecule. The experimental realization of single-molecule rectifiers, however, has proven to be challenging. In this work, we report on the experimental realization of a gate-tunable single-molecule rectifier with rectification ratios as high as 600. The rectification mechanism arises from the molecular structure and relies on the presence of two conjugated sites that are weakly coupled through a saturated linker. The observed gate dependence not only demonstrates tunability of the rectification ratio, it also shows that the proposed rectification mechanism based on the orbital structure is operative in the molecule.
The theoretical design of the first molecular rectifier marked the birth of the field of single-molecule electronics. 1 Since that proposal, many other mechanisms leading to rectification have been explored. [2] [3] [4] [5] However, due to experimental limitations, it was not until 2005 that the first single-molecule rectifier was built, 6 albeit with a modest rectification ratio (RR) of 10. Since then, many more realizations have been proposed and realized, 7-13 some of them based on molecule intrinsic properties, 6-9 others exploiting contact effects. [10] [11] [12] [13] Here, we report on single-molecule devices of which the rectification mechanism is built into the molecule, with rectification ratios reaching up to 600. This rectification ratio is the result of the molecular structure and not of asymmetries in the coupling to the electrodes. The design is based on an asymmetric molecule consisting of two similar conjugated parts that are weakly coupled through a non-conjugated bridge. The conductance through these molecules was measured by forming molecular junctions using the mechanically controllable break junction (MCBJ) technique. [14] [15] [16] A unique feature of the MCBJ measurements presented here is the use of a third electrode that acts as a gate. Using this gate electrode, the alignment of the electronic levels that are responsible for transport with the Fermi energy of the electrodes are altered, leading to a tunable rectification ratio. Moreover, the dependence of the rectification ratio on the gate-voltage gives direct proof that the two-site rectification mechanism is operational the molecule.
Diode design
The molecule used in this work, DPE-2F, consists of two conjugated parts, connected by a saturated ethane bridge that breaks the conjugation, as shown in Fig. 1a . Asymmetry is introduced by two fluorine atoms that are located on one of the phenyl rings, both in the ortho position with respect to the ethane group. The molecule is substituted at both ends with thiol groups that act as anchoring units for coupling to metallic electrodes. Details about the synthesis of the molecule can be found elsewhere. 17 (IV) characteristic (solid blue line) calculated for DPE-2F using density functional theory (DFT) combined with the non-equilibrium Green's function (NEGF) formalism (see section II of the ESI † for more details). As the energy of the sites is different at zero bias, the current is low. For positive bias, the sites are pulled towards each other and the current increases. At 0.55 V, a pronounced peak is visible. This is the point where the two sites have equal energy and resonant transport occurs.
For higher voltages, the sites are pulled off resonance again and the current decreases. For reverse bias, conversely, the Stark shift causes the sites to be increasingly pulled apart. They therefore never align (see lower left panel of Fig. 1c ) and the current remains low. Since current passes through the molecule only for a particular bias polarity, the molecule behaves as a rectifier. The figures of merit for a diode are the operating voltage (OP) and the rectification ratio (RR). As a definition for RR, we use the maximum ratio between the forward and reverse current determined at opposite bias polarities. For the calculated curve in Fig. 1c , this yields a RR of 751 and an operating voltage of 0.55 V.
Experimental
To investigate charge transport through single DPE-2F molecules, we employed the gateable mechanically controllable break junction (gMCBJ) technique, [22] [23] [24] [25] which is schematically depicted in Fig. 2a . The presence of the third electrode acting as a gate allows to tune the electrostatic potential of the molecule, thereby changing the alignment of the molecular levels responsible for transport with respect to the Fermi energy of the electrodes. 26, 27 To achieve this, the gate electrode needs to be located close to the molecule, but electrically insulated from the source/drain and the molecule. 28 In our implementation, a aluminum gate is lithographically defined on top of a flexible phosporbronze substrate, electrically isolated from each other by a polyimide layer. After atomic-layerdeposition enhancement of the native gate oxide (Al 2 O 3 ), a 15 nm thick gold wire is patterned on top of it. Finally, using an isotropic plasma etch, a free-standing gate/gate oxide/ source-drain sandwich is formed. Fig. 2b and c present scanning electron micrographs of a gMCBJ device, in which the suspended sandwich is clearly visible. For more details about the fabrication and the characterization of the devices, we refer to sections VI-VII of the ESI. † The measurements are performed as follows. The molecular solution (0.1 mM in dichloromethane) is drop casted at room temperature on the unbroken electrodes, which are mounted in a three-point bending mechanism set-up. The setup is pumped to high vacuum (≈1 × 10 −6 mbar) and cooled down to 6 K by submersion in liquid helium. At base temperature, upon bending the substrate, the thin gold bridge is stretched until it breaks, after which two atomically sharp electrodes are formed. 29 During the breaking, a molecule can be 'trapped' between these two electrodes and electrically characterized. 15 
Results
Fig. 3 presents measurements performed on two different gMCBJ devices. In Fig. 3a , a current-voltage characteristic (IV) recorded on sample 1 and at zero gate voltage is shown. The IV is highly asymmetric, with a peak in the current around 1.2 V. The parameters ε 1 , ε 2 and τ are obtained from the DFT calculations, and are equal to 0 meV, 299 meV and 11.9 meV, respectively. The voltage drop inside the molecule, α, is also obtained from DFT and is 0.54. The good agreement between the two calculated curves indicates that charge transport through the molecule can indeed be described using two sites, which form a delocalized bonding/anti-bonding HOMO/HOMO−1. Although in this calculation the peak is at positive bias, in the experiments, the orientation of the molecule cannot be controlled and therefore the peak in the current can be expected both at positive and negative bias voltages. From this plot, we obtain a RR of 424, with a forward current of 1.7 nA, while the reverse current is only 4.04 pA (i.e., the current taken at −1.2 V). The inset shows IVs recorded at three different gate voltages. The current peak at positive bias, as well as the onset of the current, shift outward for increasingly positive gate voltage. This becomes more evident from Fig. 3b , where the differential conductance (dI/dV) is color coded as a function of bias and gate voltages. In the following we will refer to this kind of plot as a stability diagram. The color map shows a bright resonance which moves towards higher bias for higher positive gate voltage. The blue region represents the negative differential conductance (NDC). Altogether, all features shift towards higher bias for increasingly positive gate voltage, with a gate coupling of 7.5 mV V −1 . This indicates HOMO-dominated charge transport. Fig. 3c presents the rectification ratio as a function of gate voltage. It reaches its highest value (RR = 620) for a gate voltage of −4 V and monotoneously decreases for increasingly more positive gate voltage, with a lowest value of 340 at 4 V. Fig. 3d shows an IV recorded at zero gate voltage on a different junction. Again, the IV is highly asymmetric. In contrast to Fig. 3a , no peak in the current is reached within the applied bias window. The RR is therefore calculated for the maximum bias voltage, yielding 130. Upon application of a gate voltage (see inset), the onset of current shifts towards higher bias voltages. In Fig. 3e , the corresponding stability diagram is shown. From the plot we extract a gate coupling of 20.5 mV V −1 , and infer that transport is dominated by the HOMO. Fig. 3f presents the evolution of the RR with gate. As mentioned before, RR is 130 at zero gate voltage, but increases to about 260 when bringing the HOMO closer to the Fermi energy with a gate voltage of −5 V. For a gate voltage of 4 V, the RR is about 90, a factor of almost three lower.
Discussion
In total seven three-terminal junctions have been studied. All gated samples show HOMO-mediated transport and an increase in RR when a negative gate voltage is applied (and conversely a decrease in RR for positive gate voltages). The observation of HOMO-mediated transport is consistent with DFT calculations. 20, 21 The change in the RR can be understood considering the change in level alignment induced by the gate.
As previously shown, 20 the RR is the largest when the HOMO is on resonance with the Fermi energy, and decreases for an increasing level misalignment. When the sites are not on resonance with the Fermi energy, an increase of the HOMO energy is thus predicted to increase the RR. This trend is illustrated in the left panel of Fig. 4 , in which the RR is plotted as a function of level alignment, as obtained from DFT + NEGF calculations. Applying a negative voltage on the gate moves the HOMO up, towards the Fermi energy, thereby increasing the RR, in agreement with our measurements. We investigated seven three-terminal samples, of which two are shown in the main text. In these two samples, we found HOMO-mediated transport and a RR of about 350-600 around 1.2 V for sample 1 and 100-260 around 1.9 V for sample 2. For the remaining samples we found HOMO-mediated transport as well and a gate tunability of the RR of 7-10 around −2.0 V for sample 3, 25-30 around 2.0 V for sample 4, 8-16 around 2.5 V for sample 5, 80-120 around 2.0 V for sample 6 and 80-110 around −1.1 V for sample 7. In addition, we measured thousands of two-terminal samples, of which the statistics can be found in section VIII of the ESI. †
We emphasize that the gate tunability of the RR is opposite to that expected for a molecular junction with asymmetrical electronic coupling in which transport is dominated by a single HOMO level close to the Fermi energy. In that case, the RR increases when the level is pulled away from the Fermi energy, as shown in the right panel of Fig. 4 and described in more detail in section V of the ESI. † In section IV of the ESI, † we demonstrate that this opposite trend is seen for a large range of electronic couplings, even for asymmetries in the electronic coupling up to a factor 100. In addition to rectification arising from molecule intrinsic properties, an asymmetry in the electronic coupling with the electrodes can further enhance the RR or reduce it, depending on whether fluorine containing halve is more strongly or weakly coupled. 20 Nevertheless, the gate tunability in our junctions shows that the rectification mechanism originates from the molecular structure; an asymmetry in the electronic coupling merely modulates RR. It is the use of the gate electrode which allows for discriminating between the opposite behavior of a single-and a two-site system. Another striking difference between the single-and twolevel model is the presence of NDC in the latter case. The IVs shown in Fig. 3a exhibit NDC, a feature which cannot be explained using a single level only. In section VIII of the ESI, † we present several more IVs exhibiting distinct NDC.
It is also important to note that the diode performs optimally when the HOMO is close (<0.25 eV) to the Fermi energy. Taking the HOMO around 0.5 eV below the Fermi energy, 30, 31 our calculations yield a moderate RR ratio of around 15 for a symmetric coupling to the electrodes. However, the level alignment in experiments is not fixed and varies from junction to junction 19, 25, 31 due to changes in the molecular conformation/ anchoring and the possible formation of image-charges. Level shifts up to ±0.1-0.2 eV can occur, and it is these shifts that may bring HOMO closer to the Fermi energy (or further away) and improve (deteriorate) diode performance. As Fig. 4 shows, the level shifts (which have the same effect as a change in the gate voltage) induce corresponding shifts in the RR, which subsequently varies from around 500 to 10. Therefore, robust diode behaviour with a high RR thus not only requires an asymmetry in the energies of the two halves of the molecule, but also a favourable alignment with the Fermi energy of the leads.
We finally note that we also recorded IVs on junctions exposed to the symmetric DPE, as a reference. This molecule has the same molecular backbone as DPE-2F, but without the fluorine substituents. For this molecule, we do not observe the very high RR's observed for DPE-2F. Instead, the molecule exhibits NDC, symmetrically located in bias, as expected for this molecule (see ESI † section III). Upon application of a positive gate voltage, the NDC features shifts towards higher bias voltage. These trends agree with HOMO-mediated transport and the fact that the molecule can be described using two sites, which, in contrast to the asymmetric DPE-2F molecule, are aligned with each other at zero bias. 19 
Conclusions
In conclusion, we have designed and characterized a singlemolecule rectifier that operates by a mechanism that is explicitly programmed into the molecular structure. Measurements using the gMCBJ technique show that rectification ratios higher than 600 can be reached with this new design. By employing a gate electrode, we have established that the rectification mechanism that is proposed on basis of electronic structure calculation is indeed occurring. Our findings show that specific electronic functionality can thus be implemented in single molecules by optimizing the internal molecular structure. One could furthermore envision a new class of molecular devices with more than two sites in series. With control over the electrostatic energy of the individual sites by the use of gates, this would allow for the realization of functional devices with no inorganic semiconducting counterpart, in which, for instance, one of the gate terminals is used to transit from negative differential conductance behavior to rectification.
